ABSTRACT. This paper describes the development of a forward modeling framework, QAEForward, of the complete acoustic emission (AE) process in real structures. Finite element modeling results are presented showing the modal pattern of radiated guided wave energy from a growing fatigue crack. This data will ultimately be used as an input to QAE-Forward. The challenges of obtained the same data experimentally are also demonstrated.
INTRODUCTION
Acoustic emission (AE) is well known as a highly sensitive technique to detect various types of damage, such as fatigue crack growth, corrosion, impacts, delaminations and so forth [1] [2] [3] . This sensitivity coupled with the small number of sensors required potentially makes AE very attractive for structural health monitoring (SHM) applications. Although ambient acoustic noise may be high during in-service monitoring, the fact that monitoring can be performed over extended periods of time means that AE based SHM can exploit the repetitive nature of events that may occur in each loading cycle [4, 5] . AE testing methodology tends to fall into one of two categories [1]: deterministic and probabilistic. In the deterministic methodology, suitable models of the AE process are used to analyze AE data, whereas, in the probabilistic methodology, a variety of techniques are employed to identify empirical trends in experimental data. While the probabilistic approach is well suited to repetitive testing of similar components, it is the belief of the authors that this approach is much less suitable for monitoring limited numbers of complex, high value, safety-critical structures of the type likely to be encountered in SHM. The authors believe that for AE to be used as the basis for an SHM system with quantifiable performance it is necessary to have a deterministic model of the complete AE process from source to received waveform. This is the motivation for the development of a modeling framework, referred to as QAE-Forward. QAE-Forward is a forward model of the AE process from source to detection. The goal is to be able to simulate the time-domain signal that is received from a transducer when an AE even occurs anywhere in a structure. Such a model has great importance for the development of AE-based SHM systems. For example it can be used to:
• Optimize sensor placement and spacing to achieve a desired level of sensitivity,
• Perform probability of detection (POD) and false call ratio (FCR) simulations, and
• Support safety cases based on the use of AE in a complex structure. This paper begins with an overview of the complete QAE-Forward framework and introduces the basic elements required to model AE in a simple plate-like structure. The paper then focuses on the calculation of the AE source function for the specific case of fatigue crack growth in a plate using finite element (FE) modeling. The procedure for obtaining this data experimentally is shown and the associated problems discussed.
OVERVIEW OF FORWARD MODEL
QAE-Forward is based on a modular linear systems architecture using frequencydomain transfer functions and is implemented within Matlab (The MathWorks, Inc., Natick, MA). A fundamental aspect of QAE-Forward is that the modular architecture enables the source, propagation and detection of AE signals to be separated.
The overall architecture of QAE-Forward is illustrated schematically in Fig. 1 . Where possible, the building blocks of QAE-Forward are developed from existing analytic models, in particular those related to guided wave excitation and propagation [6] [7] [8] [9] [10] [11] . This is based on the observation that a wide range of structures are made up of plate-like elements, through which AE signals will propagate as guided waves. However, it is recognized that there are no analytic solutions to some aspects of the AE process, such as wave propagation through complex geometries, and here the plan is to link QAE-Forward to transfer functions obtained either experimentally or through numerical finite element (FE) models. The overall model for the frequency spectrum, H(ω), of a received timedomain signal, excluding noise terms, can be expressed as a single equation:
where E(ω) is the modal excitability at the source, P(ω) is the delay due to propagation, A(ω) is attenuation, B is beam spreading, R X (ω) is the sensitivity of the receiver, R C (ω) is the reflection coefficients of all features at which the ray is reflected and T C (ω) are the transmission coefficients of all features that the ray has traversed. The final received timedomain signal is the inverse Fourier transform of H(ω). The outer summation is performed over all possible ray paths of all possible wave modes from source to receiver. QAE-Forward begins at the AE source which is characterized by a frequency dependent radiation pattern of guided wave energy partitioned between various modes, the so-called source function, E(ω). The Hsu-Neilson lead break simulated AE source can be accurately modeled as a transient normal load on the surface of the plate. The modal amplitude of the axi-symmetric guided waves excited by such a source can be readily calculated. The source function for genuine AE sources is more complicated and will be discussed in the following section for the case of AE from crack growth.
Propagation, attenuation and beam spreading
Once the amplitude of a mode in a particular direction is known (i.e. the source function has been obtained) it is straightforward to simulate its propagation as a guided wave through uninterrupted structure by applying suitable functions to represent the phase delay, P(ω), beam spreading, B, and attenuation, A(ω):
where i is √-1, k(ω) is the wavenumber of the wave mode, α is the attenuation in Nepers m -1 and d is the propagation distance. The data required to implement the propagation and attenuation functions are the wavenumber and attenuation characteristics of possible guided wave modes in the structure in the propagation direction of interest. Both of these quantities are, in general, functions of frequency. For most single and multi-layered planar structures, the phase velocity dispersion relationships can be computed using established techniques from the material stiffness and density. For structures where the material properties are unknown there are experimental techniques available to measure the phase velocity dispersion data. More importantly, experimental data is essential for accurately determining the attenuation, which is much more difficult to calculate due to uncertainties in the governing material properties.
Detection
Practical detection of AE signals is almost invariably performed using some sort of surface mounted piezoelectric transducer, although in the laboratory other methods such as laser interferometry are available. Modeling the response of a surface mounted piezoelectric transducer is challenging since transducers typically have multiple overlapping resonant modes that have varying and frequency dependent sensitivity to different guided wave modes. Practically, the authors have found that a reasonable approximation to the response can be obtained by modeling the receiver sensitivity, R x , as the product of a frequency dependent term, R x (ω) , and a wavelength dependent term, R x
. The former represents the frequency response of the transducer to normally incident bulk longitudinal waves and the latter represents the wavelength selectivity that is caused by the finite aperture of the transducer when guided waves are incident on it. R x (λ) is obtained by integrating the out-of-plane surface displacement field of an incoming wave over the area of the transducer aperture, which for a circular transducer of diameter D, results in:
where J 0 and J 2 are zeroth and second order Bessel functions of the first kind respectively. Without this term, it is not possible to model the correct relative sensitivity of a transducer to modes with different wavelengths such as the A 0 and S 0 Lamb wave modes.
Interaction with features
The interaction of guided waves with simple straight features, such as edges, can be readily modeled using a simple ray-tracing approach. This requires knowledge of the reflection and transmission coefficients for a guided wave mode incident at any angle on a given feature. For a free plate, the reflection coefficients used currently in QAE-Forward are i for the A 0 mode and -1 for the S 0 mode, and these are assumed to be independent of incident angle. It is known that this latter assumption is incorrect for the S 0 mode which will partially mode convert to an SH wave if incident at any angle other than 90°.
Example results for a Hsu-Neilson source in aluminum plate
The simplest AE source that has been considered is the standard Hsu-Neilson source that is widely used to simulate AE signals. This consists of a pencil lead being broken on the surface of the structure and can therefore be regarded as a step force applied to the surface in the out-of-plane direction. The excitability function, E(ω), for guided waves excited by such a force can be obtained analytically as noted previously and the timedomain signals recorded by a remote transducer can therefore be predicted. Fig. 2 shows a comparison between the simulated and experimental time-domain signals and it can be seen that good agreement is achieved. The two large wavepackets are the A 0 mode direct transmission and the first A 0 reflection and the multiple smaller wavepackets are due to the faster S 0 mode. The discrepancies between the two signals, in particular the slight tails on each signal that are observed experimentally, have been attributed to inaccurate modeling of the frequency response function of the transducer. An extra wavepacket visible in the experimental signal before the first A 0 reflection is thought to be due to an extra S 0 mode arrival. This wavepacket is thought to be due to an S 0 emission from the source which follows a ray path that includes two oblique edge reflections with mode conversion to and from the SH 0 mode between the reflections.
SOURCE FUNCTION FOR CRACK IN PLATE STRUCTURE
The reason why the Hsu-Neilson source can be modeled analytically is because the structure around the source is continuous. This is not true in the case of genuine AE sources, where the exciting force comes from within the structure and originates at a discontinuity such as a crack. The analytic techniques that have been suggested [1,11] for modeling AE from crack growth are generally based on computing the acoustic field from embedded pairs of appropriate point forces (the so-called moment tensor) with the assumption that the presence of the crack discontinuity does not affect the Green's function of the structure. In this section, the use of finite element (FE) modeling to model the actual guided wave field radiated by micro-crack growth with or without the presence of an existing macro-crack is demonstrated. The design of an experiment to validate these results is also presented together with some initial results that illustrate the problem of attempting to obtain quantitative AE data experimentally.
Finite element modeling of acoustic emission from crack growth
Two-dimensional (2D) and three-dimensional (3D) time-marching finite element (FE) models have been used to investigate the nature of the AE wave field produced by crack growth in plates. The modeling has been performed using the ABAQUS platform (ABAQUS Inc., Providence, RI) with post-processing in Matlab. The basic modeling procedure is as follows:
1.
An appropriate mesh is generated. The nodes along the desired line of crack growth are split into two and tied together. The mesh may also include nodes that are split but not tied together to simulate the presence of an existing pre-crack.
2.
The model is statically loaded in tension using ABAQUS-Standard.
3.
The tied nodes along the desired line of crack growth are released from each other and the model imported into ABAQUS-Explicit -the explicit time-marching part of the ABAQUS platform.
4.
The subsequent elastic wave propagation away from the source is then modeled in ABAQUS-Explicit.
5.
The surface displacement time history is recorded at a number of appropriate locations and imported into Matlab for post-processing.
6.
The time histories are frequency filtered to the range of interest and the results processed to extract the contributions from different modes. Typically, the out-of-plane surface displacement is recorded at pairs of points at the same positions but on opposite sides of the plate. In the frequency range where only fundamental Lamb wave modes are present this allows the signals to be separated into those from the symmetric S 0 mode and the anti-symmetric A 0 mode by addition or subtraction of the signals from opposing points. The SH 0 mode is also excited, but in an isotropic plate, this has no out-of-plane surface displacement and is therefore not detected.
For example a three-dimensional model of fatigue crack growth is presented here, the geometry of which is shown in Fig. 3 . The material is 3 mm thick aluminum plate, the crack growth is modeled either with or without the presence of a through thickness macrocrack. The crack growth in this example occurs over a rectangular region, 3 mm long in the crack direction and for four different values of depth through the thickness of the plate, the remaining thickness of the plate remaining intact in each case. The amplitudes of the A 0 and S 0 Lamb wave modes detected over a range of angles for the four different crack growth depths are shown in Figs. 4(a) and (b) respectively. Several features are worthy of attention. First, there is a strong angular dependence of the amplitude of both modes; energy is not radiated uniformly in all directions. Secondly, the amplitude of the A 0 mode emission is generally larger than the S 0 mode emission for the same crack geometry. However, while the S 0 amplitude rises monotonically with increasing crack depth, the A 0 amplitude first rises and then falls. For through thickness crack growth there is no A 0 emission due to symmetry. Finally, it can be seen that the presence of an existing macro-crack has the effect of skewing the lobes of radiated energy by a small amount. The peaks visible in the θ = 0° direction for the A 0 mode in the presence of a precrack have been attributed to an extra edge wave mode propagating along the edge of the pre-crack.
Experimental characterization of acoustic emission from fatigue crack growth in large plate
In order to make quantitative measurements of guided wave acoustic emission from a genuine AE source it is necessary to devise an experiment that allows the multi-mode signals directly emitted from the source to be separated in time both from each other and from edge reflections. This necessitates the use of a large plate and makes the experimental procedure challenging due to the inherently non-repetitive nature of genuine AE sources. The AE from a fatigue crack growing in the centre of a large aluminum plate has been studied experimentally. The experimental set-up is shown in Fig. 5 . The teardrop shaped cut-out in the center of the plate is designed to provide the necessary stress concentration to initiate fatigue crack growth from its tip.
To date, two plate specimens have been fatigued to failure and some initial qualitative results have been obtained that indicate the direction for future testing. The two plate specimens were cyclically loaded in tension from 225 kN to 275 kN at frequency of 1 Hz. A four channel AE system (PCI-2, Physical Acoustics Corp., Princeton Jct, NJ) was used to record the full AE waveform from all sensors whenever an event was detected on any sensor. A typical waveform is shown in Fig. 6(a) . Each waveform was then post processed in Matlab to determine the amplitude of the A 0 and S 0 Lamb wave modes. Example results are shown in Fig. 6(b) . Although more data is required, some initial trends can be observed. Firstly, it can be seen that there is a steady increase in both the average amplitude and rate of AE events as the test progresses. Secondly, the ratio between the amplitudes of the A 0 and S 0 Lamb wave modes remains reasonably constant over the duration of the tests, which is in qualitative agreement with the FE modeling predictions for most crack growth geometries. As yet there is insufficient data to draw conclusions about the angular distribution of energy. In subsequent tests it is planned to use eight transducers arranged in a circle around the crack tip and to measure the precise crack growth rate which will then be correlated with the received signals. 
CONCLUSION
An overview of a systematic modeling framework, QAE-Forward, for simulating the AE process in real structures has been presented. Good simulations of experimentally received waveforms have been achieved using analytical functions to represent AE sources, wave propagation in finite plate structures and reception by finite sized transducers. Initial results from controlled experimental measurements and finite element simulations have been used to show how different types of AE sources may be characterized in a manner which will enable them to be incorporated into QAE-Forward.
The next phase of the research program is to begin to use the model to perform probability of detection (POD) studies for various sensor configurations. The procedure will be to use QAE-Forward to simulate received waveforms from a series of possible source locations, orientations and amplitudes and measure the proportion of these which satisfy some pre-defined detection and/or localization criteria.
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